An exploratory investigation into the application of abrasive waterjet cutting for the construction industry / by Douglas, Marc Q.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1989
An exploratory investigation into the application of
abrasive waterjet cutting for the construction
industry /
Marc Q. Douglas
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Industrial Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Douglas, Marc Q., "An exploratory investigation into the application of abrasive waterjet cutting for the construction industry /"
(1989). Theses and Dissertations. 4989.
https://preserve.lehigh.edu/etd/4989
... 
• 
, 
, 
AN EXPLORATORY INVESTIGATION INTO THE 
APPLICATION OF ABRASIVE WATERJET CUTTING 
FOR THE CONSTRUCTION INDUSTRY 
bv 
... 
.. 
Marc Q. Douglas 
A Master's Thesis 
Prese11ted to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
. 
lil 
Industrial Engineering 
("\ .. /' 
' 
I 
• • 
i ! 
., 
.. 
.. 
Certificate of Approval 
;J 
Tl1is tl1esis is accepted and approved i11 partial fulfill1nent of tl1e requirements 
for the degree of Master of Science in Industrial E11gineering. 
Date 
. •· 
11 
Professor in Cl1arge 
Cl1air1nan 
Depart in en t of I11d ustrial 
E11gi11eering 
·o 
., 
Acknowledgen1ents 
None of the current research 011 abrasive waterjet cutting would have been 
possible without tl1e support of the Center for~ Advanced Technology for Large 
Structural Systen1s ( A TLSS) under the direction of Dr. J 01111 Fisl1er. The 
commitment and encouragen1ent of the me1nl)ers of ATLSS have been immeasurable. 
Otl1ers \vho are responsible for 111aki11g the experimental work possible include 
Mr. Daniel Caregna.to of 1-ligh Concrete Structures and Mr. Tl1omas Sterner of Laser 
Applications. I-Iig]1 Concrete provided the concrete blocks as well as background 
infor111ation on the JJrocessing of the slabs. Laser Applica.tio11s provided tl1e abrasive 
waterjet eq ui p111en t. 
Also, I a111 i11clebted to the Depart111e11t of I11dustrial Engineering for support 
througl1out my tin1e at Lehigl1. I particulary wish to thank Professor George l(ane, 
our former chairn1a11, for I1is consiste11 tly sound advice and my advisor Professor 
Satl1yanara.yana11 for his contribut._ions. 
Finally, a.ncl 111ost i111portantly, I n1ust thank my pare11ts without wl1om none of 
rny acco1nplishr11ents \Vould have been possible. 
,1 \ 
•·•·• Ill 
·.d'. 
' 
'I 
" 
Table of Contents 
Abstract 
Waterjet and Abrasive Waterjet Machining 
Equip111ent 
\,Vaterjet Machining 
A bra.si ve Waterjet 1\1a.cl1ini11g 
Current Apr)lications 
Literature Review 
Purpose of Resea.rch 
Ex1)erin1en ta.I Pla11 
Origi11a.l Expcrin1e11tal Design 
Data Analysis 
Furtl1er Expcri 1r1e11 tatio11 
Data Analjrsis 
Ex1)eri111ent Three 
Experi111en t Four 
Experi111en t I~ive 
Significa11 t Results De1nonstrated By Photograpl1s 
Future Work 
Tables 
Figures 
References 
Appe11dices 
.. 
IV 
1 
2 
3 
4 
6 
7 
8 
15 
16 
18 
19 
22 
23 
23 
25 
25 
26 
28 
31 
50 
58 
60 
) 
\ 
.. 
.., 
1 
2 
3· 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
List of Tables 
Guidelines for Paran1eters 
P ara111eters for Experi1ne11 t One 
Ex1)eri111en ta.I Design - Experiment 011e 
1-\llocation of Runs for Experi111e11t One . 
Su111 of Squares Ta.ble - Ex1)eri111e11t One 
Regression R,esults - Experi111e11t One 
I_)redicted Depth of Cut - Experin1ent One 
Para.n1eters for Experi111ent T\vo 
Su111 of Squares Table - Experi111e11t Two 
Regression Results - Experi111ent Two 
Predicted Depth of Cut - Experi1nent Two 
Para.111eters for Experi111ent ,-fl1ree 
S u111 of Sci ua.res Ta.ble - Experi111e11 t Tl1ree 
I>ara1neters for Experi111ent Four 
Paran1eters for Ex1)eri111ent Five 
Su111 of Squares Table - Experi111e11t 5 
Regressio11 Results - Expcri1ne11t Five 
V 
31 
31 
32 
33 
34 
36 
37 
38 \ 
39 
41 
42 
43 
44 
45 
46 
47 
49 
, .. 
f 
1 
2 
3 
4 
5 
List of Figures 
Figure 1. Basic Waterjet Syste111 
Figure 2. Typical Nozzle 
Figure 3. Control Volume 
Figure 4. lVIo<lcl of vVaterjet Cutting Process 
F"igu re 5. .Jet S prca.d 
Figure 6. Concrete Sa.r11 pies 
Figure 7. J-la.ra.rnetcr f~ffccts - Experin1ent One 
Figure 8. f)a.rctn1ctcr Effects - J~xpcrin1ent Five 
Source 
Ingerso11 R,an<l 
50 
51 
52 
53 
54 
55 
56 
57 
llashish, M., ''A n1odeling study of n1etaJ cutting with abrasjve waterjets" 
.Jou rn a.I c)f F: 11 gin ccri n g i\1 R.teri nls Rn d Tech n ol(1gy, vol u n1e 106, AS ME, 
1983. 
11 a.sh is h , 1\1 . a. n d l'vl . P . cl u 
investiga,tion of C()ll tin uous jet 
for Industrv, AS1\1IE., 1978. 
Plessis, ''Tl1coretical and experimental 
penetration of solids" Journa.l cl Engineering 
IIashish, l\1I ., ''A rnocleli11g study of n1etal cutting with abrasive waterjets" 
.Journn] c)f F~ngincering lvfatcria.ls n.nd Technology, volume 106, ASME, 
1983. 
1Iashish, M. a.nd M. P. cl u Plessis, "Predictio11 Equations relating high 
velocity jet cutting perfor1T1a.nce to stand off distance and multipasses" 
Journa.1 of Engineering f<)r Industry, ASME, 1978 . 
.. 
Vl 
• 
') 
.( 
Abstract 
Waterjet and abrasive waterjet maching have successfully replaced tra.ditional 
metl1ods for a wide range of applications. Waterjets can cut virtually any n1aterial 
from asbestos brake-shoe linings to titanium componer1 ts for the B-1 bon1bet. 
Researchers have even experimented with waterjets for osteopathic surgery. Tl1e 
~ 
potential of \vaterjet technology appears boundless. 
The present research reviews past theoretical and experirnen tal research 011 
\vaterjet n1achining and identifies current and potential applications for the. 
cor1struction industr)'· The potential role of waterjet and abrasive waterjet n1achining 
in the processing of comn1on construction materials, particularly co11crete slahs is 
investigated tl1rough a series of experiments aimed at optimizing the performance of 
abrasive \Vaterjets in sucl1 processing. 
For a p {) l i cation to the construction ind us t r y, wit h t 11 e process i n g of p re- s t res s e d 
co·ncrete slabs specifically in mind, the experimental work reported here den1onstrates 
that the abrasive \Vaterjet technique has great potential, but additional \York is 
necessary before the technology can be put to practical use in the field. Specifically, 
the parameters \vhich affect cutting have been investigated and it is sho\vn tha.t these 
parameters can be adjusted to produce the desired effects. The desired effects include 
cutting through the hollo\v core concrete slabs as well as the steel cables which lie at 
the bottom of these slabs. Additionally, the kerf quality, while not ''sn100-tb," is 
sufficient for the intended purposes. 
The most significant parameters of those studied are pressure, abrasive flo\v 
rate and number of past:,es. Increasing each of these variables have a positive effect on 
1 
.. 
• 
} 
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depth of cut. The number of passes is by far the m0st significant para.1neter. ·A 
practical limit exists, ho\vever, beyond which even increasing the n·umber o·f p~sses does 
not result in significant gains in the resulting depth of cut. 
Another limitation of serious consequence is that when cutting the conctete 
slabs, cutting from one side only is not sufficient to sever the blocks con1pletely. 1,o 
accomplish this ( under the testing conditions), it was necessary to turn the blocks over 
and cut from the other side. While this was a relatively simple p raced u re i T) 
experin1entation, for practical applications, turning the blocks over to cut fro1n both 
sides is not feasible because of the size and weight of the slabs. 
Despite the problen1s discussed, the abrasive waterjet technique does offer the 
potential for practiccil application. ..t\.l though some operational barriers still exist, tl1e 
experimental \Vork demonstrates clearly that abrasive \Vaterjet cut tir1g can be ~tpplicd 
successfully for the construction industry . 
. , 
·2 
,, 
Waterjet and Abrasive Waterjet Machining 
For machining hard and brittle materials such as alloy steels, ceramics and 
concrete, conventional machining processes are impeded by the properties of these 
materials. i-\.lso, the geometry of the part to be produced may lin1it the application of 
conventional machining processes. Most of these hard materials cause severe tool wear 
in conventional ma\(:hining processes. With non-traditional machining processes I.ike 
\vaterjet and abrasive \vaterjet mac.hining, tooling, cutting and finishing ti1nes ca.n be 
reduced to increase productivity. It is estimated that waterj-et/c~ng is no\v gro\ving 
at a rate of 40% per year [ 1 J. 
\ \ ... - . 
/'" \ (_,,,! 
Equipment 
-~ 
The basic \Vaterjet system consists of a water pump, filter, intensifier, tubing 
and S\vivels, a nozzle and a catcher as shown in figure 1. Abrasive waterjet systen1s 
require the addition of an abrasive hopper and feeder system. The materials for nozzles 
vary according to the type of jet to be formed and the type of abrasive mixing desired. 
Figure 2 shows a typical nozzle. Abrasive waterjets may be forn1ed in t\vo different 
ways. The first method·, consists of introducing the abrasive particles after forming the 
jet as sho,vn in the figure. In the second method, the water and abrasives are mixed in 
a chamber first and then the jet is formed. Apparently the internal mechanics of these 
two cham hers are not clearly understood as no clear explanation exists in the 
literature. Pressures can be generated up to 60,000 psi. The normal operating 
pressure ranges from 40,000 to 50,000 psi~ The range of nozzle diameters is 
3 
,· 
approximately from .003 to .020 inches depending on the application .. 
CJ 
Waterjet Machining 
In waterjet machining, a highly pressurized, high velocity jet of water strikes 
the s.urface of the workpiece. Hashish and DuPlessis [2] explain that the fra,cture of 
material in valves a series of complex phenomena including compression, tension, shca.r, 
erosion, cracking, wave propagation, cavitation damage an<l wear. rfhe do1nina.nt 
materia.l rernoval mechanisrn is dependent on the type of loac1, tl1e type of rnatci'ia.l an<l 
the feed ra.te. 1-Iashish a.nd OuPlessis have determined analyticaJl.Y the relati()nshir 
bet\veen the par;:1meters of a continuous jet and the workpiece materia.l prorcrt.i<~s by 
adopting the following approach. 
I \ 
. ' 
A control volu1ne was formulated to determine tl1e effect of the \Va.t.crjct 
on the t arg~t n1 a,terial. 
The h)1 dord.ynar11ic forces acting bet\veen the jet and the ta,.rget \.Vcrr· 
determined. 
Mode Is \Ve re f c) rm u I at j to describe t 11 e st res s-st rain relations hi p (J f t lt c 
target materials when s bjected to the hydrodynarnic fc)rces. 
The control volume (figure 3) surrounds the jet in the kerf. Within the control 
volu1ne, friction on the side walls of the cut and the material's resistance tc) fracture 
resist the jet. The cutting process is analyzed by determining W, the velocity of the 
control surface into the material. Horizontal feed is approximated by a series of steps, (';J with each step equal to the nozzle diameter. 
--
A physical model of the process (figure 4) was developed by using high speed 
movies on transparent plastic workpieces to confirm the cutting step theory. The 
4 
cutting mechanism·· was mainly du·e to the compressive forces "which_ frc).cture the 
material. As the cut deep·ens, the waterjet reaches a critical velocity ·where· the forces 
are insufficient to fracture the material further and the cutting ends. 
·Continuity and momentum equations describe the forces that are applie(l_ on t.he 
target. Density changes due to frictional heating were neglected and the area of cut 
was assumed to remain constant to simplify the continuity equations. Similar 
assumptions were necessary to simplify the momentum equations. Refer to flashish 
and du Plessis [2] for further details. 
lvlaterial fr<1cture by the high velocity waterjet depends on the tirne of 
application. Mecha,nica.l ele1nen ts were modeled to sin1 u late the t1 n1e de pen<len t 
response of target materials to the impact of the jet. For detailed expla,nation refer 
to Hashish and du Plessis [2]. 
Ultimately, the control volume analysis, hydrodynamic forces studies <lnd 
resistance models led to the nondimensional equation relating the jct par<1.1nctcfs, , .. 
materiaJ properties and feed rate. The general cutting e<1uation is 
where 
1 (j C 
pvl 2 z 
dn 2cf 
{1T 
z=depth of cut 
dn =nozzle diameter 
p=density of workpiece 
O' c ==compressive yield 
strength of workpiece 
5 
2cf pvl vl 
{Jr TJ µ 
1 - e 
v 1 ==jet velocity 
cf =friction coefficient 
~==damping coefficient 
µ ==traverse rate 
( 
The above equation describe~ the behavior of a wide range of materials, but it 
/ 
,, 
can be adapted to describe the material removal for different materials by adjusting the 
appropiate model elements for material resistance. 
Material fracture occurs when the compressive forces exerted by the wa,terjet 
exceed the yield strength of the target material. As the cut deepens, the forces are 
insufficient to fracture any more material and cutting stops. The jet velocit.Y and 
\Vidth are functions of the stand-off distance between the nozzle and the ta.rget n1a,terial· 
as shown in figure .S. Farther from the nozzle, the velocity decreases and the \vidth 
. increases. Since only a portion of the jet is effective in removing n1aterial, "it is 
irnporta.nt that the stand-off distance be such that the most effective portion of the jet 
impacts the \Vorkpiece. 
Sin1ple waterjets effectively cut such materials as plastic, asbestos, \VO()d and 
soft rock. They lose effectiveness, ho\vever, when applied to harder and brittle 
111aterials like glass, hard rock~ metals or ceramics. Some enhancement is necessarv to .., 
. apply this equation to the machining of these hard and brittle materials. 
Abrasive Waterjet Machining 
Addition of abrasive particles enhances the waterjet's cutting ability. No\v, 
there is a new cutting mechanism. Instead of exerting compressive forces on the \Vork 
material, tl1e water now accelerates abrasive particles towards the materiaJ. The 
abrasive particles are introduced into the waterjet in one of the two 1nethocls \Vhich 
were described earlier. r Abrasive waterjet cutting involves the same complex 
interaction of processes as ''pure" waterjet cutting, but the process is even further 
complicated by tl1e addition of the abrasive particles. Each abrasive particle ''ch·ips 
-
awa-y'' the target material. There are, in effect, thousands of tiny cutting edges, each 
fra_cturing away a small portion of work material. For metals, this is still a shearing 
process. For more brittle materials it is more like a tiny explosion with each abrasive 
,. 
particle displacing a piece of material. 
\ 
Current Applications 
Some of the materials successfully processed with waterjets include the 
follo\vi ng. 
"Pure", Wa terjet 
plastics 
asbestos 
\Vood 
soft rock 
food pro<1ucts 
Abrasive Wa terjet 
glass 
hard rock 
. 
ceramics 
metals 
composites 
Waterjet/abrasive waterjet technology· offers several advanta,ges over 
co11ventional methods of machining tl1ese and other materials. With asbestos, for 
example, waterjet machining results in very little dust, hence a reduced health risk .. 
\ 
Using abrasive waterjets bn metals generates no heat. Steel, therefore, can be cut with. 
no risk of a heat affected zone which may be undesirable. Composites which are cut 
with abrasive waterjets have relatively smooth kerfs with no frayed edges. 
7 
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Literature Review 
.. 
~- The experimental studies o_f waterjet machining covered in this section span a 
period of almost twenty years. Clearly, then, the knowledge of the process is not new 
although many applications are. Much of the early work centers on rock cutting. 
These findings are included becau.se of the relevance to demolishing/ excavating rock 
\vhich is necessary prior to construction. Additionally, given the similar p_ropert,ies ()f 
rock and concrete, the results obtained from the experiments on rocks 1nay be a basis 
for the experimental \VOrk on concrete. 
-~'lcCurrich. and Browne [3] divide the parameters that control ,vaterjet c11tti11g 
into t\vo groups: the power group and the efficiency group. 
Power Group 
jet pressure 
flow rate 
nozzle size 
Efficiency Group 
stand-off distance 
jet in terferer1ce 
nozzle shape 
water additives 
.... 
.. 
The effects of these pararneters vary according to the material that is being cut. Other 
parameters include traverse rate, number of passes, type of jet ( continuous or 
pulsating), and the characteristics of the abrasives that are used for abrasive waterjets. 
A brief list of criteria for evaluating the parameters includes: 
material ren1oval rate 
kerf quality 
environmental effects 
power/ energy requirements 
penetration depth 
The· importance of any .of these criteria depends on the application~ In 
demolition work, for exam-ple, the kerf quality is unimportant while .material .removal 
rate may be th.e critical factor. 
8 
• 
B:rook and Page [4] determined that the energy required to fracture rock· 
specin1ens by waterjet decreases with increasing traverse speed of the jet relative to the 
specimen. They also discovered that most of the penetration occurs in the first fraction 
,. . 
of a second of application, while continued application of the jet does not increase th.e 
depth of penetration. With increasing jet pressure, they reported an . . increase in 
removal efficiency. Jet performance predictions such as those formulated by I-1ashish 
are not easily related to rock properties. Finally, the best efficiency occurs \vhen jet 
interference is avoided. Jet interference occurs when the used portion of the jet and 
~ . 
the removed pieces of \Vork 1naterial remain in the kerf, th us impeding the action of the 
ne\v portion of the jet. 
Labus · [5] reports that for stationary targets the specific energ~y required. 
decreases \vith increased jet pressure. For traversing targets, higher pressures )'ield a 
higher opti1n um traverse rate. Accordingly, the rNost effective application \Votd<l 
consist of a rapidly traversing, high pressure jet. An important note, hovvev-er, is tha.t 
the energy efficienc:y decreased in Labus's tests as tl1e kerf depth increased. He 
detern1ined that the jet-wall interaction causes t~fficiency to decrease. This is a 
problem similar to that found by Brook and Page [4] who report that jet interference 
affects penetration. In order to improve the process, some means must be provided to 
g.ra\v away the ''used portion" of the waterjet and the resulting debris. 
Conn, Gracey, Rosenburg and Gauthier [6] used a foam rubber seal and 
pumping system to contain the jet and debris in tests of a system for pavement 
cutting. Adapting this type of system for other applications would minimize the 
I, 
deleterious effects of jet interference within the kerf. · 
Hurlburt, Cro\v and Lade [7] identified four rock properties and t\vo jet 
_p·aramet~rs which are essential to the rock cutting mechanism. The rock properties are 
9 
.~ 
permeability, porosity, strength and grain size. The jet parameters are jet pressure 
and diameter. They found that permeability is the most important rock property 
which affected jet cutting. A wide variation in pemeability did not, ho\vever, lead to a 
correspondingly high variation in slot depth. The depth of slot depended linearly 011 
the jet parameters, particularly jet pressure. A critical pressure existed belo\v ,vhi.ch no 
cutting occured. Depth of cut and quality of cut both decreased with increasing feed 
rate. 
Rehbinder [8] also found that permeability was the most significant fc1.ttor 
\V hicl1 affected the ~'erodabili ty" of rock. He also determined that depth of slot ,vas a 
' function of: jet pressure and diameter, rock grain size and permeability, a.n<l the tin1c 
of exposure. Rehbinder's model of the process was fairly sin1ple to explain. Water 
penetrated the voids bet,veen the rock's grains and when the resulting h)1 <lr<111lic 
pressure exeeded tl1e cohesive forces, the rock eroded. This model \Vas consisitent \Vith 
the conclusion that permeability is the most significant factor. 
Singh~ Finlayson and Huck [9] have explained that for practical a.pplications, 
the major problem \vith high pressure equipment was maintaining uninterrupted 
performance. Seal leakage ,vas considered to be the cause for interrupted performa.nce. 
N e,ver equipment since the time of their report has eliminated this problem. 
Summers and Henry [10] have outlined four controllable factors for waterjet 
rock cutting~ These \Vere: jet pressure, nozzle diameter, traverse speed, and number of 
passes. They reported a sharp drop in cutting efficiency· with increasing jet pressure, 
but an increase in efficiency with increasing traverse speed. The conclusion that 
cutting efficiency decreases with increased jet pressure does not agree with other 
researchers' reports. Results reported by Harris and Mellor (11] and Brook and Page 
[4J support the conclusions that efficiency increases with a jet pressure increase a.s 
_, 
10 
.. 
reported in [4] [5] [12]. An'' important part of the work by S~mers and Henr.y is the 
consideration of a com bi nation of systems for rock breakage. They used waterj~ts to 
make the initial slots followed by mechanical breakers to remove the re1naining ribs of 
material. This two phase method proved to be better than using waterjets alone. 
Han1ada, Fukuda, and. Sijoh [13] explained the effects of waterjets as a ft_1nctio11 
of jet parameters. They have determined the existence of optimum stand-off distance 
and traverse rate. Additionally, they tried to improve the waterjet perfornianc'e\_hy_.. 
.. 
using a \Vater additive. Specifically, the experiments indicate that the specific energy 
required can be define(l as 
.fi jet power consumption 
spec1 1c energy- . 
material removal rate 
for a. given pressure, nozzle diameter, and standoff distance. Deptl1 of cut was found to 
increa.se \vith decreased traverse velocity and increasing jet pressure. 
Acldition of pol:yethylene oxide improved the waterjet 's cutting perforn1a,nce. 
Actua.l depth of cut increased by as much as two times versus plain waterjet, but a.t 
higher specific energy levels. Brook and Summers (12] also reported sorne ad\ran tages 
resulting from the use of polyethylene oxide. The increased effect is due to cohesion of 
the jet which is increased by the additive and hence the penetrating power is 
enchanced. 
Olsen (14] considered the problem of cutting concrete containing aggregate. He 
found that high traverse speed suffices to cut all but the aggregate, but at low speeds, 
a poor quality kerf· results. Therefore, he had to search experimentally for an optimum 
traverse rate that would cut both the concrete and the · aggregate while · still 
maint.aining a 'desirable quality of cut. As others, Olsen found that multiple pa.sses 
11 
·, 
,. 
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' i 
yield the best results. 
Nittinger (15] reported the use of waterjets for repairing bridges. The 111ethods, 
developed in Switzerland, easily removed damaged concrete without affecting the steel 
rebars. The basic principle behind the method was fairly simple. Water was forced 
into the cracks and· air voids in the concrete. Once the voids were filled \vith \vater, 
\ 
"· / 
the continued application of the jet forced the concrete to fracture. Since no a.bra.sives 
\vere used, the reinforcement bars were not damaged . 
.. \not her demolition application for waterjet and abrasive waterjet tech nolog.Y 
\Vas investigated b~y Echert, Hashish, and Marvin [16]. They studied using \vaterjets 
for use in the decornrr1issioning of the thick concrete structures in the nuclea.r indllstr.y. 
The abrasive \Vaterjet systen1 was investigated because none of the convention al 
concrete demolition methods met the ''ideal features" of decontan1inaticJn and 
decomn1issioning equipment. The experiments sho\ved that volu 1ne rate of removal 
increased with the follo,ving: 
increased pressure 
larger abrasive size 
higher abrasive flow rate 
faster traverse velocity 
larger stand-off distance 
Arasawa, l\rlatsumoto, Yamaguchi, and Sumita [17] determined the relationship 
of stand-off distance and nozzle traverse rate to depth of cut in concrete. They found 
that deptl1 of cut is linearly propotional to stand-off distance and proortional to the 
logarithm of traverse rate. Also, they found it to be more efficient to remove the 
· concrete first and to cut the bars later in steel reinforced concrete. The reason for this 
. . 
is that the energy for cutting the steel bars is about twenty-seven times that required 
12 
for cutting the concrete. 
Puchala, Lechem, and Hawrylewicz (18] reported on an automated syste1n for 
mass removal of concrete. Specifically, they determined the effects of jet geometry and 
kinematics, aggregate size and cement mix structure on the cutting efficien·cy. Cutting 
efficiency in this case was measured by average depth of cut, cutting capacit)' or 
volume removal rate, and specific energy expended. The conclusions wefe that higher 
productivity and reduced specific energy are favored by higher pressure and 1na.ximn1n 
tra\'erse speed of the nozzle. 
The cement m·ix properties were also examined. Cracking can be a pr.~1blen1 
beca.use the compressive strength of most aggregate is greater than that of th~ <Jvera.11 
n1 ix. The water jet ~ t here fore, w i 11 attack the b o u n d a r y bet \Veen t he n1 ix an <l the 
~ 
aggregate rather than cutting directly through the concrete in a controlled fa.shion. 
This does not matter if kerf quality is relatively unimportant co111pctred to n1ateria.l 
removal rate as1 , in the apJ)lication studied by the researchers. Of course, for other 
applications, kerf quality is much more important, so the problem of cutting through 
the aggregate must be resloved . 
. Hashish (19] presented a plan for optimizing the performance of abrasive 
\Vaterjet cutting. He suggested that the level of each parameter has its o,vn 
advanta.ges and disadvantages that must be considered when selecting its level or 
value. Overall optimization will require quantitative models of the cutting process 
itself, the· abrasive-\vater mixing process, as well as the economics of the abra.sive 
wa.terjet process. 
~ 
~ 
\ Only the cutting process, however has been modeled so far. 
Ultimately, Hashisl1 concludes that a better understanding of the physical model a.hd 
the development of predicative models are necessary before complete optin1ization \viii 
.. be possible. 
13 
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Besides depth and removal rate, kerf quality is important also. T.an [21] 
discussed a model for surface finish achievable with abrasive waterjets. The striated 
su.rface finish, characteristic of abrasive waterjets, is one that is common 'to other single 
strean1 cutting techniques such as laser cutting. The striations ate ~aHsed bj' the 
geon·1etry <Jf the prc)cess rather than by the dynamics of the process (such as j<?t 
instability) as one might think. Tan's 1nodel does not require detailed kno\vlc<lge <)fall 
the parameters affecting cutting. Instead, it uses first order approximations to predict 
the qualit): of cut obtainable as related to pressure, traverse velocity, and grit size_. 
i\ brief sun1mary ()f the basic parameters and their effect on dept.h <)f cut (ct 
con1n1on n1easure of cfff~ctivcness) are as follo\vs. 
Parameter 
Pressure 
Nozzle Diarneter 
Traverse Rctte 
Ab rasi vc I) article Size 
Abrasive Flow Rate 
Number of Passes 
Stand-Off Distance 
Abrasive I-Iardness 
14 
Effect on Depth of Cut 
Approxirnately linear 
l\Jinirn u 111 critical val uc exists 
Initially linear 
Min irn um critical value exists 
C <J rn f) I ex f u n ct i o n 
Unclear effect 
Initially linear 
Higher flow rates may reduce depth 
Multiple passes generally in1 prove 
results 
Depth of cut decreases with 
increasing stand-off 
0 
No effect beyond a certain limit 
,. 
., 
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f)urpose of Research 
Concrete slabs are basic construction materials, and accordingly, an appropriate 
' 
area to apply waterjet technology for the construction industry. High Concrete 
• 
Structures, Inc., a manufacturer of pre-stressed concrete slabs ha,s an in tcrest in 
adapting a waterjet system to replace the current methods of sectior1ing and forn1.i1ig 
holes in concrete slabs. 
Processing takes place in two stages. First, the slabs are cast 4 feet \viclr a.n<l 
I . k f 6 1 ~) . h ( . 9 . l . ) t llC rnesses range rom to - lnC es ln .., Incl 1ncremen ts . The long sla,hs <tre cot 
int<.) sn1aller sections \Vith dia1nond tipped saws. These cuts_ are all strctight. cuts 
d i rec t l )' a c r o s s t he \vi d t h o f t h e s I abs . H o I es o r po c k et s , if re q u i re (1 , are f o r n 1 c d by 
hanJ. In the second stage. an_y a<lditional cuts are made; again \vit}1 <lian1on<l sa\Vs. 
These second cuts maj' be straight as in stage one, or angled cuts. 
Excessive tool wear and the expense of diamond sa\vs led to the f)<)ssibile 
application of waterjets as an alternative process. Determining the applicability of 
\vaterjet technology to the processes at High Concrete is the specific sh<)rt. tcrru 
research goal. The long tern1 goal is to adapt waterjet/abrasive \Vaterjet systcul's t.t) ci 
variety of applications for the construction industry. The abrasive \Vater jet systen1, ,as 
,, 
developed for High c·oncrete would be an appropriate candidate for con st ruct'ion 
automation as the system is easily programmed once the parameter~~ have been 
selected. Mosell1i [22] points out the potential for robotics and automation in tl1e 
,. 
construction industr)'. Among his conclusions are the following: 
1. The construction industry is the largest industry in many countries. 
2. Tl1e potential of robotics in building construction ( which represents over two-
thirds of the total volume of construction in North A~erica) is pron1ising. 
3. A number of challenges still exists before effective ·implemen'tation can be n1adc 
of the construction robot. 
' 15 
' .. 
.... 
ll. 
.5. 
Partial automation sl1ould be considered by using existing robots for sin1ple 
construction tasks and by introducing further au toma,tion of 0xi~ting 
equipment. 
Further research 
robotization. 
• 
1S needed the area of construction automation and • 1n 
Experimental Plan 
Several factors l1av'e been indentified which determine the effective11ess of 
abrasi\'e ,vaterjet cutting. Some experimental work is necessary to detern1ine the 
optin1 un1 values of these para1neters for the processing of concrete slabs. Speci ficall)', 
\Ve ,vish to kno\v \vhich paran1eters have the largest effect on the resulting cut and 
, 
\vhat \1 alues of the paran1eters yield the best results. Since the nun1ber of fa.ctors is 
large, a fractional factorial experiment is appropriate. The parameters of interest are: 
Pressure 
Nozzle Diameter 
Tra\'erse Rate 
i\brasive Flow Rate 
N un1ber of Passes 
Sta11d-Off Distance 
Nozzle .Li\ngle 
Abrasive Size 
-c) 
Tl1e responses which are of interest include depth of cut, kerf quality (tolera.ncP) 
a.nd material removal rate. Depth of cut has alrea~y been investigated in some detail. 
l(erf quality is perhaps a more important evaluation criterion for the sl1ort tern1 goal of 
adapting an abrasive waterjet system for the concrete slab processes. at High Cor,,crel'e.. 
For the eight parameters above, 256 experimnets would be necessa.ry f()r a. full. 
factorial experiment with eacl1 factor at 2 levels. Obviously, a smaller scale ex_perin1ent 
16 
( 
is necessary for a preliminary investigation. The fractional factorial experi1ne11 tal 
design requires considerably fewer experimental runs and provides enough inforn1ation 
to determine which factors should be studied more thoroughly in future experime·nts. 
A range of values for some of the 8 fp,ctors is listed in Table 1. These served a,s a g·uid_e 
in choosing the experimental values to be used. The actual levels of each pa.ra.111ctei-
\vere determined by the capabilities of the available equipment and \vith the advice and 
.knowledge of those eXJ)erienced with the eq ui pn1en t and its capabilities. 
The purpose of experimentation was to determine the effects of the eight 
parameters on the resulting c11t and to determine optimum values for tl1e significant 
pararneters. 
Because of the limitations of the available equipment, nozzle angle could not be 
changed frorn the standard position of 90°. The nozzle is permaner1 tly n1ou n te<l 
perpendicular to the table which holds the workpiece. The rernaining varia.bles, 
: .i, 
; 
110,ve,,er, were adjustable. I11 order to accomodate a prelirni11ar.Y i11vestigation of the 
parameters, a fractional factorial design, specifically a ! fra.ction of a full 
performed. Details of the experiments are given in the follo\ving pages. 
-
') ' ... . 
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0 riginal Experimental Design 
As mentioned, fractional factorial design • IS useful to deter1nine which 
parameters have significant effects. This method allows quick identification of the 
significant factors so that they may be investigated further. The alternative \vould be 
to run an exhaustive experiment or set of experiments to measure the effects of all 
·possible combinations of varia.bles. Ob\riously, such an approach would be extren1cly 
time consurning and prohibitively costly. 
The initial experiments included each of the 7 variables at t\vo levels (high and 
lo\v) each. Table 2 lists the variables and their corresponding values. 
E . I D . 'J7-2 xper1rnen ta es1gn - ...., 
In discussing the experimental design, the following nomenclature applies. i\, 
B, · · · , G identify the 7 pararr1eters as in Table Two. a, b, · · · , g identify the va.l u e 
( 11 i g h or 1 o \V) of a par am et er. If the identifier appears in a pa rt i cu I ar con 1 l) in at ion of 
paran1eters, or run, then the factor is at its high level; otherwise it is at the lo,v level. 
For exar11ple acg represents the run with factors .A.-nozzle diameter, C-pressure a.nd c=;-
stand-off distance at their high v~ues while the rernaining pararneters are at their l'c)\V 
values. The complete experimental design is presented in Table 3. 
In Table 3, the effects column indicates which main effect ( A-G) or ir1 teraction 
effect is measured by that particular combination. The order column simply indicat~s 
tl1e sequence of the runs .. Fo.r valid results, the runs· must be in randon1 order. 
Figure 6 shows the .sample blocks and the direction of cut. Pain ts l and 2 are 
tl1e entrance and exit points respectively for the abrasive waterjet. The de.pth'· of cut 
( 
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(d} is rneasured at each of these points and included in the experin1entaJ desig.n table. 
Data Analysis 
The following assumptions underly the factorial design analysis. 
1. The data are normal. 
2. :3 way and greater interactions are negligible. 
3. The runs ,vere cornpleted in rando1n order. 
Because of ti 1n e 1 in 1 i tat ions , the r u n s co u 1 d not be r u n entirely i n r a, 11 d () n 1 (Jr d er. 
Changing grit ancJ nozzle are both relatively long operations con1pared to the tin1e 
required to change an.Y of the other va.riables. In order to cornpensatc for this, the i'uns 
\Vere divided into f(Jllr ~-bJ<.)cks·· and the runs \vithin ea.ch block \Vere in ra.11dor11 (Jrder 
as ill ustr~1ted in Table 4. 
Using this n1ethod required only one grit change an<l t\vo nozzle changes. ()f 
course the con1plete randon1ization principle has been violated. The violatio1t. h()\Vi~vcr . 
is not significant if the ''block·' effect is not statistically significant. 
Data Analysis - Experiment One 
The sum of squares analysis (see Table .5) for depth of cut indicates that the 
most significant factors are passes, abrasive flow rate and pressure. The nozzle-grit 
interaction is also significant. The individuaJ contribution of each fa,ctor (grit or 
nozzle), however, • 1s not revealed due to the ''blocking" arrange1nen t described 
previously. In Experiment · One, standoff distance was hard to main ta.in a.t t.he-
prescribed levels of .100 inch and .200 inch because the concrete blocks were not 
perfectly level. In any event, within the constraints of this li1nitation, the n1easurecJ 
19 
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(d) is measured at each of these points and included in the experimental design table. 
Data Analysis 
The following assumptions underly the fa~torial design analysis. 
< 
1. The data are normal. 
2. :3 way and greater interactions are negligible. 
3. The runs ,vere completed in random order. 
Because of ti1ne li1nitations, the runs could not be run entirely in ran<lon1 order . 
Changing grit and nozzle are both relatively long operations con1pared to the ti111e 
required to change an)' of the other variables. In order to compensate for this, the runs 
\Vere divided into four ~"blocks'' and the runs within each block \Vere in ra.ndo1n order 
as illustrated in Table 4. 
l 1 sing this n1ethod required only one grit change and t,vo nozzle changes. Of 
course the corr1plete randon1ization principle has been violated. The violati()n, ho\vever. 
is not significant if the ''block'' effect is not statistically significant. 
~ata Analysis - Experiment One 
The sum of squares analysis (see Table 5) for depth of cut indicates tha.t the 
most significant factors are passes, abrasive flow rate and pressure. The nozzle-grit 
interaction is also significant. The individual contribution of each factor (grit or 
,nozzle), however, is not revealed due I to the ''blocking" arrange1nent described 
previously. In Experiment One, standoff distance was hard to mainta.in a.t the 
'· 
prescribed levels of, .100. inch and .200 inch because the concrete blocks \Vere not 
perfectly level. In any event, withi11 the constraints of this lirnitation, the n1easure<l 
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effect of standoff distance on depth of cut was negligible. Further, the results suggest 
that slower traverse rate, smaller grit size and smaller nozzle diameter are favorable for 
increasing depth of cut although the significance of these factors as n1easure<l by their 
sum ff squares values is much less important than the effects of increasing number of 
passes, faster abrasive flow rate and higher water pressure. 
In addition to the numerical analysis, plots of the depth of cut versus each 
individual parameter confirm the effects. Figure 7 graphically sho,vs the effects on 
depth of cut by increasing ea.ch of the seven parameters in Experirnent One. Each plot 
sho\VS the avera.ge depth for each parameter at its respective lo\v and high levels. 11 he 
slope of the line connecting the 2 points indicates the degree to \vhich in·crea.sing or 
decrea.sing the value of the particular parameter will affect the depth of cut. A positive 
slope jndicates that increasing the paran1eter has a positive effect (i.e. deeper depth)~. 
\vhile decreasing it has a negative effect (i.e. more shallo\v depth). 
Frorn the plots of figure 7, it is clear that for a better resr)onse or deeper depth 
of cut, it \vould be favorable to increase pressure, abrasive flow rate and the nun1ber of 
passes, but to decrease nozzle diameter, grit size and traverse rate. Cb(111ging the 
standoff distance has no measurable effect. 
Of~course tl1e plots of figure 7 are presented for only the main effects with.out 
condisering interactions. These interactions or combinations of factors must be 
examined as well. Relying upon the n1ain effects alone could be 1nisleading. For 
example, it appears from figure 7 that increasing either nozzle diameter or grit size will 
result in decreased depth of cut. This conclusion, however, does not consider the 
I 
possibility that the interaction of these two factors may influence the depth of cut as 
.-J 
Appendix A. contains plots showing the 2 way interaction and their effects on well. 
f 
depth of cut. Exarrtinataion of these plots reveals that the general trends :Suggested b·y 
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the parameter effects in figure 7 are not contradicted by any of the 2 way interactions. 
Using the nozzle-grit size interaction as an example, it is clear that the combination.· ·of 
smaller grit and smaller nozzle is preferable. for the best response ( deepest cut): The 
plot also shows how to choose parameter values under specific constraints. If, for 
example, only a large nozzle is available, but there is a cl1oice of grit sizes, then the 
larger grit sl1ould be chosen ( assuming all other conditions remain constant). 
One goal of the current research is to determine an opti1nun1, pre<lictable 
response. In other words, given a desired depth of cut, what are the para1neter settings 
required? The first step to,vards that goal is a simple linear regression to see ho\v \vell 
the actual depth of cut can be predicted. From the previous a.nal)'Sis, it is recl.S()llcdbe 
to drop standoff distance, grit size and nozzle diameter from the regresssion anal:ysis. 
The regression results are listed in Table 6. This analysis yields the follo\ving 
equations: 
-d 1 == -5.73 + .14P - .04f + 1.75 v + .351n 
~ 
I . 
. d .-, - - 6 .13 + .13 p. - . 01 f + 2. Q 6 V + . 41 Il 
.. 
where 
P == pressure (ksi) 
f == traverse rate (inch/min) 
v abrasive flow rate (lb/min) 
n number of passes 
The actual measured depths and their corresponding predicted values are listed 
I 
in Table 7. Obviously, the model is inadequate for practical purposes. 
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Further Experimentation 
., 
_..,,., 
The original experiments identified the significant factors a1nong the original 
·· seven that were examined and their effects. Accordingly, the next logical step is to 
investigate further the significant parameters with the goal of optimization in mind. 
Given the results of Experiment One, new experiments were designed to further 
investigate the significant factors. Four new experiments \Vere planned as follo\vs: 
Experi1nent Two 
A duplicate of Experin1ent One, but with iron grit rather tha,11 garuet abr;-tsivc. 
The purpose of this design \Vas to compare the effectiveness of iron grit versus garnet.-
Experi1nent Three 
i\ full factorial experiment using the signifcant paran1eters identified in 
Experin1ent One. I11 this case, the response was number of passes to cut through the 
concrete blocks. Tl1is response was cl1osen because none of the concrete block~s in 
Experiment One were cut through and severed into two pieces. In fact, the deepest cut 
in Experiment One was only approximately 4 ! inches while the sample blocks ,vere 8 
inches deep. Accordingly, the number of passes was used as the ne\v response. 
0 bviously, then, the go·al in this case was to minimize the response since fe\ver passes 
are desired. 
Experiment Four 
As mentioned, none of the cuts in Experiment One successfully cut. entirely 
tl1rough the blocks. In fact, none of the cuts were deep enough even to reach the steel 
22 
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cables at the bottom of the blocks (see figure 6). Experiment Four was planned, 
•1 
therefore, to determine the effectiveness of cutting through the steel cables. The plan 
to accomplish this was as outlined belo\v. 
I. With iron grit 
1. cut from top until one-half way through 
2. record number of passes 
(record depth if not one-half way through) 
3. turn block over, cut same slot until cut completely through 
( record depth if 11ot cut completely through) 
II. Repeat I \vith garnet 0 
Experi1nen t Five 
In this final experiment, only tl1e most significant factors as identified in 
,, 
Experiment One \Vere varied. Pressure, traverse rate and abrasive flo\v rate \Vere 
varied among 3 levels for a full factorial (3 3 ) design. The response \Vas depth of cut. 
Data Analysis - Experiment T\vo 
Experiment T\vo could not be conducted entirely as planned. The orig.inal 
purpose of Experiment Two was to duplicate Experiment One, but replacing garnet 
,vith Iron grit. The motivation for this was to allow for comparison of the t,vo grit 
t~ypes since this factor was omitted from the original experi111ental design. 
Unfortunately, the iron grit could not be found in 2 seperate sizes comparable to the 2 
sizes of garnet abrasive used in Experiment One. The iron grit was available in a 
,\; 
''mix" of sizes from 80 to 120 mesh size (IGSO - IG 120). The experimental plan· ,vas 
altered then to be as sho,vn in Table 8. 
~ 
Note that standoff distance was dropped as a variable. As mentioned in the 
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discussion of Experiment One, maintaining the 2 distinct values for standoff distance 
,vas unreliable. Therefore,. in Experiment Two and all subsequent experiments, 
standoff distance was held "constant" at .150 inch. 
The sum of squares analysis for Experiment 2 (Table 9) indicates that the n1ost 
significant factors affecting depth of cut are number of passes, abrasive £10,v rate and 
traverse rate. Passes and flow rate have positive effects on depth of cut \vhile· traverse 
rate l1as negative effect. These results are consistent with Experiment One. Follo\ving 
the example of Experiment One, Tables 10 and 11 present the regression results and 
) 
depth of cut predictions for Experiment Two. The prediction equations are: 
~ 
dl ==-3.42· + 7:)1.dn + .08 p - .10 f + 1.18 V + .81 n 
-d 2 ==-4.90 + 6.01 dn + .12 P - .09 f +·.93 v + .73 n 
,vhere 
dn == nozzle diameter 
P =pressure 
f == traverse rate 
n ==number of passes 
The predicted values are within i inch of actual depth in 50 % of ca,ses a.nd 
withi11 ~ incl1 in 75 % of the cases. 
1 
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Data Analysis - Experiment Three 
The parameters for Experiment Three are listed in Table 12. In this 
experiment, the response was number of passes to cut through the concrete b]ocks. 
Unfortunately, none of the runs successfully severed any of the blocks. During the 
course of the experiment, therefore, the response was changed from number of passes 
to cut through to number of passes to cut to the steel cables. 
The sum of squares table for Experiment Three is presented in Table 1-3·. Fron1 
this analysis, the 1nost significant effects are abrasive tlo\v rate, pressure and tra.verse 
rate. Abrasive flo\v and pressure have negative effects while traverse ra.te ha.s a. 
positive effect on the response. Since the response is no\v the nun1ber of pa.sses 
required, these results are consistent with the previous findings. The nozzle clian1eter 
has insignificant effect on the experimental response. The grit type paran1eter also has 
s1nall sum of squares and effect values although the qualit:y of the cut appears 
some\vhat better that that observed for garnet. These results suggest that a closer 
examination of the difference bet\veen garnet and iron grit abrasive type is \Varrante<l. 
Data Analysis - Experiment Four 
The parameters for Experiment Four are listed in Table 14. The procedure for 
this experiment \Vas as follo\vs. 
I. With iron grit 
1. cut from top until one-half way throug·h · 
2. record number of passes 
(record depth if not one-half way tl1rough) 
3. turn block over, cut sa1ne slot until cut completely tl1rougl1 
(record depth if not cut completely through) 
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G120 
IGSO 
II. Repeat I with gar.11et-
the /r~sults were as follows: 
\, 
7 total passes required -- 3 from top; 4 from botton1 
cutting through center after third pass from top 
first pass from bottorn cuts to rebars 
second pass slightly cu ts re bars 
on third pass (and fourth) traverse reduced to 10 in/min at rebars 
t.l1i rel almost cu ts con1 pletely through 
fqurth pass co1npleterly severs block 
7 total passes required -- 3 fron1 top~ 4 frl)ITI bottl)lll 
third pass fron1 top not quite half way at d 1 ; well past at d 2 
reduce traverse as with G120 at rebars on cuts from botton1 
~ completely cut through on fourth pass from bottom ( 7th total pa.ss) 
No statistical analysis was done for this experiment as only 2 sa1n pies \Vere cut. 
A qualitive analysis is appropriate, however, and is included in the discussion of the 
photographs in another section. 
Data Analysis - Experiment Five 
The parameters for Experiment Five are listed in Table 15. The su1n of squares 
results are pres~nted in Table 16 and the regression resu'lts are given in Table 17. The 
sum ·.of squares ·analy.sis is not quite so straightforward for Experimei1t Five as for 
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Experiments One, Two and Three. The full factorial design at 3 levels complicates the 
analysis as there are not just main factors and interactions, but linear and quadratic 
components of each main effect plus interactions of these components. Accordingly, a 
more clear view of the effects is measured through the use of response surface graphs. 
-\ 
Figure 8 presents the O\'erall effects of the 3 parameters pressure, abrasive flo\v rate 
and nurnber of passes. From the graphs, it is shown that all :3 para,neters have a 
positive effect on depth of cut. Additonal graphs showing the interaction effects are in 
Appendix B. These graphs support the conclusions derived from figure 8. 
i\<lditionally, thej,r demonstrate tl1at the effect of increasing pressure. is less for fast.er 
flo\v rate than for slo\ver flo\v rate. The effect of increasing flow rate is- 111ore notable 
at higher pressure or \vith increased nurnber of passes. Finally, the effect of increasing 
the n u1n ber of passes varies little with varying levels of abrasive flo\v rate or pressure. 
O\rerall, Experiment Fi\'e demonstrates that increasing the number of passes has the 
greatest. effect on depth of cut. After a point, however, the perforrnance 
. 
1 n crea.se 
(grea.ter depth) trails off \vith additional passes. The greatest a1nount of cutting is 
done by the early passes while later passes result in small marginal gains i11 depth 
rega,rdless of the other 2 parameter values. Consider 2 cases: i\- high pressure and 
al)rasive flow rate, B- lovv pressure and abrasive flow rate. The initial depth in case A 
is greater than that for case B for the first fe,v passes. After su bseq uen t passes, 
however, increasing the nu1nber of passes furthur will have no more effect on aclditional 
depth of cut in case i\ than in case B. 
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Significant Results Demonstrated by Photographs 
f"· \ 
Appendix C contains photographs of some of the sample concrete blocks. 
These photographs illustrate the effects of the various parameters on the depth of cut 
and kerf quality. 
Tl1e cuts from experimsnt one demonstrate the importance of the nu111ber of 
passes on deptl1 of cut. Cuts 1, 13 and 28 are deeper cuts than the others sh.o\vn in 
photograph #1. The only parameters tl1at were different for tl1ese t\vo sets of cuts (1, 
13, 28 versus 2, 11, 12, 14, 27) was the number of passes, with the first group having 4 
passes while the second group l1ad 2 passes. Photograph #2 sho\vs cuts 27 and 28 in 
closer detail. Cut 28, \vith tl1e larger number of passes is still deeper than cut 27 
despite the slightly higher pressure and higher abrasive flo\v rate for cut 27. All other 
paran1eters \Vere the sa1ne for these t\vo cuts. 
The samples fro1n experiment three show that the least number of passes is 
required for high pressure and slow traverse rate. Cuts 9 and 10 (both at lo,v pressure) 
required 15 and 19 passes respectively, to cut as deep as tl1e steel cables. Cut 9 ,vas at 
fast traverse and slo\v flow rate, while cut 10 was at slow traverse and high flo,v rate. 
Cuts 15 and 16 (both and low traverse rate and high pressure) required 21 and 8 
passes respectively to reach the steel cables. Cut 15 \Vas at slow flo\v rate and cut 16 
\Vas at high flow rate. The best performance a1nong these 4 runs \Vas for cut 16 (high 
pressure, slow traverse rate, high abrasive flow rate). The appearance of cuts 1.S and 
16 is not much different. The significant difference is that cut 16 required only 8 
passes while cut 15 required nearly 3 times as many. passes. 
The ,samples from experiment five show that breakthrough at the botton1 of the 
samples only occurs with the largest number of passes reqardless of -pressure or abrasive 
2.8 
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flow rate. Examining cuts 1-4 as compared to cuts 21-24 reveals that better depth is 
obtained at higl1er pressure. Cuts 1-4 ( at higher pressure) have all broken through the 
bottom. For cuts 21-24, however, only 23 and 24 have slightly broken tl1rough. Note 
that these two cuts resulted from the higher number of passes (6 and 4 passes 
respectively). This demonstrates furtl1er tl1e importance of number of passes on depth 
of cut. With otl1er parameters at less favorable levels, the depth of cut is still increased 
if the num her of passes is increased sufficiently. Of course, there are some limits as 
discussed previously. Beyond a certain point, even increasing the number of passes 
results in little additional additional gain in the deptl1 of cut obtainable. 
Future Work 
Before abrasive waterjet cutting can be applied for practical application in the 
constructio11 industry, additional work and refine111ent are necessary. Some of the 
limitations have already been mentioned in previous sections. S pccifically, the 
parameters affecting depth of cut must be optimized so that a predictable, controllable 
response is possible. Additionally, some method must be developed to allow cutting 
through the steel cables. As demonstrated by Experiment Three, tl1ese cables can be 
cut successfully by the abrasive waterjet. The concrete blocks, however, had to be 
turned over to accom·plish this cutting. While this ,vas a simple procedure in 
experimentation witl1 small samples, another method has to be developed to accomplish 
the same task in ind us try witl1 full sized concrete slabs. 
One factor ,vhich was not included in the current research was nozzle angle. 
This was omitted because tl1e equipment that was used did not have the provision for 
adjusting the nozzle position. Including this factor in future research may sho\v that 
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an increase in kerf quality or depth of cut is possible by changing the position of the 
abrasive waterjet relative to the concrete surface. 
Other possibilities include investigating the effect of cutting with multiple 
nozzles or using different types or sizes of abrasive grit. Multiple nozzles could possibly 
be arranged so that two nozzles are used to accomplish cutting from both sides of the 
concrete slabs at the same tin1e. Anotl1er configuration could involve cutting with two 
or more nozzles in sequence. The benefit of this arrangement is tl1at se,,eral cuts could 
be made, but in less tirr1e tha.n with one nozzle ma.king repeated passes. }\ny change in 
the number or configuration of nozzles would be a long term project and would require 
consultation with the equipme11t 1nanufacturer. 
'-· 
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Table 1. Guidelines for Parameters 
Investigator 
Parameter Conn et al (6] Echert et al (16] 
-
nozzle diameter (in) .08-.141 .03 
pressure (ksi) 1-15 14.5 
flow rate (lb/sec) n/a .011-.11 
traverse rate (in/min: 7-15 .06-.28 
; , 
nozzle angle 90°, 85 ,,, 70° n/a 
. 
Table 2. Parameters for Experiment One 
-
one quarter fraction of a 2' 
Parameters low high 
. 
A nozzle diameter .03 .043 i ncl1es 
8 grit • 120 100 mesh size 
C press1J re 4.5 48 k:s i 
D traverse rate 10 20 inch /n1 in 
E abrasive flow rate .32 .64 1 b / rn i 11 
F number of passes ') 4 ~ 
G standoff distance . 1 .2 i f1 Ch 
I.. 
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Table 3. Experimental Design - Experiment One 
run order effet d1 . d2 
( 1) 3 --- 2.19625 1.4 775 
afg 9 A .8525 1.2275 
bfg 28 B 1.8125 1.421875 
ab 20 AB+CF+D G.9775 1.415 
cf 1 C 3.29 ') ')·1-5 ,-.. ........ ' 
acg 11 AC+BF 1.9775 1.149:375 
beg 26 BC+AF 1.8525 1.3525 
abcf 21 F 2. 7275 2.3·525 
dg 5 D 1.38375 1.04 
adf 15 AD+BG 2.165 1.665 
bdf 25 BD+AG 1.29 1.79 
abdg 19 G 1. 79 0.79 
cdfg 6 CD+FG 2.13375 2.1:3375 
acd 14 - 1.915 1.165 
bed 31 - 1.50875 0 '""''),...5 .{_,it 
abcdfg 17 DF+CG 2.1025 ') 4 ,-,-5 ....., . . ' i 
e ') E 2.29 1.69624 
-
aefg 13 AE 2.915 ., ')0-5 ...., ..... """-' ' 
befg 32 BE 3.165 2.1025 
abe 23 - 1.54 1.915 
cef - CE 3.415 2.8525 
' aceg 10 - 1.9775 2.10215 
bceg 9-_, - 1.9375 1.37.5 
abcef . ')') EF 4.3525 2.665 - ...,, 
deg 8 DE 3.3525 2.54 
adef 16 - 2.04 1 -? ') '"'.' 5 • I _, ' 
bdef 30 - 2.04 1.915 
abdeg 18 EG 1.25875 1.665 
cdefg 4 - 4.2745375 3.665 
acde 12 - 1.665 1.165 
bcde 29 - 1.2275 1.54 
abcdefg 24 - 2.50875 2.79 
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Table 4. Allocation of Runs for Experiment One 
BLOCK GRIT NOZZLE RUNS 
one 120 mesh .030 in. 1-8 
two 120 mesh .043 in. 9-16 
three 100 mesh .043 in. 17-24 
four 100 mesh .030 in. •) 5- 3') ... . ,._ 
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Table 5a. Sum of Squares for Entrance Depth - Experiment One 
run 
(1) 
abcf 
ab 
e 
abcef 
cf 
ade-f 
abdeg 
dg 
bdf 
bfg 
bdef 
aefg 
afg 
,, 
A nozzle diameter 
B grit size 
C pressure 
D traverse rate 
E abrasive flow rate 
F number of passes 
G standoff distance 
effect depth effect 
2.20 4.435 
F 0 ,...,.3 ..... I 0.70125 
. AB , CF , DG 1 . 98 0.63875 
E 2.29 0.5625 
EF 4. 3,5 0.48125 
C 3.29 0.425 
.~DE 2.04 -.41625 
EG 1.26 0.37625 
D 1 3R • c. -.3525 
80,AG 1.29 - . 3,525 
B 1.81 -.2975 
BDE 2.04 -.2325 
AE 2.92 -.21875 
A .85 -.21125 
abcdef g i.\BCDE 2. ,51 - . 1987,5 
befg BE 3. 17 - . 1 g 
bcde BCDE 1.23 - . 18.5 
aceg ACE 1.980 0. 18125 
acd ACD 1.92 - . 1 787,5 
cdfg CD,FG 2. 13 - . 1 725 
bceg BCE 1.94 0.167,5 
acg AC,BF 1.98 0.16125 
abcdfg DF,CG 2. 10 -.14625 
abe ABE 1.54 0.11125 
cef CE 3.42 -.08 
cdefg COE 4.27 0.075 
deg DE 3. 3,5 -.0525 
acde ACDE 1.67 0.02875 
abdg G 1.79 -.02375 
beg BC,AF 1 . 8,5 -.0075 
adf AD,BG 2. 17 -.00625 
bed BCD 1.51 -.0025 
sum o-f squares 
157.3538 
3.934012 
3.264012 
2.53125 
1.852812 
1 . 44,5 
1.386112 
1 . 132,512 
0. 9940.5 
0. 9940,5 
0.70805 
0. 4324.5 
0.382812 
0.3.57012 
0.316012 
0.2888 
0.2738 
0.262812 
0.255612 
0.23805 
0.22445 
0.208012 
0.171112 
0.099012 
0.0512 
0.045 
0.02205 
0.006612 
.0. 004512 
0.00045 
0.000312 
0.00005 
-., ,I " , 
run 
(1) 
abcf 
e 
ab 
cf 
befg 
abe 
Table 5b. Sum of Squares for Exit Depth - Experiment One 
A nozzle diameter 
B grit size 
C pressure 
D traverse rate 
E abrasive -flow rate 
F number of passes 
G standoff distance 
effect depth effect sum of squares 
1.48 3. 713125 110. 2983 
F 2.35 0.819375 5.371003 
E 1.70 0. 65937,5 3.478203 
AB, CF, DG 1 . 42 0.628125 3. 156328 
C 2.23 0.381875 1.166628 
BE 2. 10 -.20187 0.326028 
1\BE 1.92 0. 20187,5 0.326028 
/-
ab.de·g . , EG --' ' -1 ·. 6 7 ' 1 0. 20187,5 0 .·326028· 
abcdef g ABCDE 2.79 - . 19187 0.294528 
adef ADE 1.73 - . 18437 0.271953 
bfg 8 1.42 -.17312 0.239778 
aefg i\E •-:) •73 -.15687 0. 196878 .... -
afg A 1.23 - . 14562 0. 169653 
aceg ACE 2.1 -.14562 0. 169653 
bcde BCDE 1.54 0. 144375 0. 1667,53 
bceg BCE 1.38 -.12812 0.131328 
bed BCD ' 0.73 0.125625 0. 126253 
abcdfg DF,CG 2.48 0. 121875 0. 118828 
dg D 1.04 - . 10937 0.095703 
acd ACD 1.17 0. 100625 0.081003 
beg BC, i\F 1.35 -.09937 0.079003 
adf AD,BG 1.67 -.09062 0.065703 
bdef BOE 1.92 0.080625 0.052003 
cdfg CD,FG 2. 13 -.06562 0.034453 
abcef EF 2.67 0.048125 0.018528 
abdg G 0.79 0.045625 0.016653 
ce-f CE 3.85 0.038125 0.011628 
cde-fg COE 3.67 -.02687 0.005778 
,·'·' 
acde ACDE 1.17 -.02312 0.004278 
acg AC,BF 1.15 0.020625 0.003403 
deg DE 2.54 -.00562 ·o. 000253 
bdf BD,AG 1.79 -.00312 0.000078 
. ' 
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Table 6. Regression Results - Experiment One 
Regression Outpu~:ENTRANCE DEPTH 
Constant -5.73611 
Std Err of Y Est 0.693653 
R Squared 0.406511 
No. of Observations 32 
Degrees of Freedom 27 
pressure traverse flow passes 
X Coefficient(s) 
Std Err of Coef. 
0. 141601 -0. 03514 1. 754760 0. 351074 
0. 081747 0. 024524 0. 766386 0. 122621 
Regression Output:EXIT DEPTH 
Constant -6. 13113 
Std Err of Y Est O . 487022 
R Squared O . 612406 
No. of Observations 32 
Degrees of Freedom 27 
X Coefficient ( s) 
Std Err of Coef. 
• 
pressure traverse flow passes 
0 .127604 -0. 01102 2. 056884 0. 410156 
0. 057396 0. 017218 0. 538088 0. 086094 
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Table 7. Predicted Depth of Cut - Experiment One 
'' 
..... 
d ., 
.. 
2. 19625 1.548183 1.4775 0.979335 
0.8525 2.250332 1.2275 1.799648 
1.8125 2.250332 1.421875 1.799648 
1.9775 1.548183 1.415 0.979335 
3.29 2. 67,5136 2.2275 2. 182460 
1.9775 1.972988 1. 149.375 1.362148 
1.8525 1.972988 1.3525 1.362148 
2.7275 2.675136 2.3525 2. 182460 
1.38375 1.196738 1.04 0.869101 
2. 165 1.898886 1.665 1.689414 
1.29 1.898886 1.79 1.689414 
1.79 1.196738 0.79 0.869101 
2. 13375 2.323691 2. 13375 2.072226 
's 1.915 1.621542 1.165 1.251914 
1.50875 1.621542 0. 727,5 1.251914 
2.1025 2.323691 2.4775 2.072226 
'• 
2.29 2. 109707 1.69625 1. 637,539 
2.915 2.811855 2.2275 2. 4-578,51 
3. 165 2.811855 \ 2.1025 2. 4,578.51 
\____ - . 1.54 2. 109707 1.915 1.637539 
3.415 3.236660 3.8525 2.840664 
1.9775 2.534511 2.1025 2. 02()351 
1.9375 2.534511 1 . 37,5 2. 0203,51 
4.3525 3.236660 2.665 2.840664 
3.3525 1.7.58261 2.54 1.527304 
2.04 2.460410 1.7275 2.347617 
2.04 2.460410 1.915 2.347617 
1.25875 1.758261 1.665 1.527304 
4.274375 2.885214 3.665 2.730429 
1.665 2. 183066 1.165 1.910117 
1.2275 2.183066 1.54 1.910117 
2.50875 2.885214 2.79 2.730429 
: .-J 
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Table 8. Parameters for Experiment Two 
-full 2 5 
Parameters 
A nozzle diameter 0.030 0.043 inch 
8 pressure 45.000 48.000 l<s i 
C traverse rate 10.000 20.000 in/min 
D abrasive flow 0.585 1.170 lb/min 
E # passes 2 4 ** 
GRIT IG80 
STANDOFF .150 inch 
(,} 
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Table 9a. Sum of Squares Table-Experiment Two 
trt dl e·ff ect ss 
(1) 1.75 5.46875 239.26 
e 3.00 1.62500 21. 13 number of passes 
C 1.50 -0.96875 7.507813 traverse rate 
d 2.00 0.68750 3.781250 abrasive flow rate 
abd 2.00 -0.34375 0.945313 
de 4.25 0.34375 0.945313 
ce 2.75 -0.31250 0.781250 
abc 1.50 0.31250 0.781250 
b 2.50 0.25000 0.500000 pressure 
ad 2.25 -0.25000 0.500000 
be 1.00 -0.25000 0.500000 
cde 3 .. so -0.21875 0.382813 
bed 2.00 0.15625 0. 195313 
ade 5.00 -0. 1·5625 0.195313 
ace 2.50 -0. 12500 0. 125000 
abce 3.00 0. 0937.5 0.070313 
a 2.00 0.09375 0.070313 nozzle di arnete 1~ 
abe 4.25 0.09375 0.070313 
acde 3.00 -0. 0937,5 0.070313 
ae 3.50 0.06250 0.031250 
ab 2.50 -0.06250 0.031250 
abde 4.50 -0.06250 0.031250 
abcde 3.25 0.06250 0.031250 
acd 2.00 0.06250 0.031250 
bd 3.00 0.03125 0.007813 
,:. 
abed 2.00 0.03125 0.007813 
be 3.50 -0.03125 0.007813 
bee 1 D 75 -0.03125 0.007813 ~ 1.25 0.03125 0.007813 ac 
bde 5.50 0.00000 0.000000 
bcde 3.50 0.00000 0.000000 
cd 1 .. so 0.00000 0.000000 
., 
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Table 9b. Sum of·Squares Table-Experiment Two 
trt d2 . e-ffect ss 
(1) 2.00 5. 10938 208.85 
e 2.50 1.45313 16.89 number of passes 
C 1.00 -0.89063 6.345703 traverse rate 
d 2.00 0.54688 2.392578 abrasive flow rate 
be 0. 7,5 -0.39063 1.220703 
bee 1. 75 -0.35938 1.033203 
b 3.00 0.35938 1.033203 pressure 
de 3.50 0.26563 0.564453 
l 
ade 3.75 -0.26563 0.564453 
abc 1.50 0.26563 0.564453 
cde 3.50 -0.23438 0.439453 
acde 3.00 0.23438 0.439453 
abde 4.25 -0.20313 0.330078 
abd 2.25 -0.17188 0.236328 
abcde 3.00 0.17188 0.236328 
ce 2.75 -0. 1 7188 0.236328 
ad 2.25 -0.17188 0.236328 
cd 1.50 0.17188 0.236323 
be 3.50 0.14063 0. 158203 
ace 2.25 -0.14063 0. 158203 
bed 2 .roo 0.10938 0.095703 
bcde 3.00 -0.10938 0.095703 
abe 4.50 0.10938 0. 09.5703 
abce 2.75 0. 10938 0.095703 
a 2.00 0.07813 0.048828 nozzle di arnete 1~ 
ac 1.25 0.07813 0.048828 
abed 2.00 -0.04688 0.017578 
acd 1.75 -0.04688 0.017578 
ae 3.00 -0.01563 0.001953 
bde 5.50 0.01563 0.001953 
bd 2.00 -0.01563 0.001953 
ab 2.00 0.01563 0.001953 
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Table 10. Regression Results-Experiment Two 
Regression 
Constant 
Std Err o-f Y Est 
R Squared 
No. o-f Observations 
Degrees o-f Freedom 
Output:ENTRANCE 
-3.42 
' 'J . 
,Q .47 
0.85 
32 
26 
DEPTH 
diameter pressure traverse flow 
X Coefficient(s)7.21 0.08 -0.10 1.18 
Std Err o-f Coef 12.80 0.06 0.02 0.28 
Regression 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
Output:EXIT DEPTH 
-4.90 
0.52 
0.79 
32 
26 
diameter pressure traverse f 1 ow 
X Coefficient(s)6.0l 0.1·2 -0.09 0.93 
Std Err of Coef 14.24 · 0.06 0.02 0.32 
\ 
L 
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passes 
0.81 
0.08 
passes 
0.73 
0.09 
.. 
0 
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Table .11. Predicted Depth of Cut - Experiment T\vo 
'1 
.. ... 
d1 d1 d2 d2 
: 
1.89 1. 75 1. 78 2.00 
1.98 2.00 1.86 2.00 
2.14 2.50 2.14 3.00 
2.23 2.50 2.22 2.00 
0.92 1.50 0.89 1.00 
1.02 1.25 0.97 1.25 
1.17 1.00 1.25 0.75 
1.27 1.50 1.33 1.50 
2.58 2.00 2.33 2.00 
2.67 2.25 2.41 2.25 
2.83 3.00 2.69 2.00 
2.92 2.00 I .. 2.77 2.25 
1.61 1.50 1.44 1.50 
1. 70 2.00 1.52 1. 75 
1.86 2.00 1.80 2.00 
1.95 2.00 1.88 2.00 
3.52 3.00 3.23 2.50 
3.61 3.50 3.31 3.00 
3.77 3.50 3.59 3.50 
3.86 4.25 3.67 4.50 
2.55 2.75 2.34 2.75 
2.64 2.50 2.42 2.25 
2.80 1.75 2.70 1. 75 
2.89 3.00 2.78 2.75 
4.20 4.25 3.78 3.50 
4.30 5.00 3.86 3. 75 
4.45 5.50 4.14 5.50 
4.55 4.50 4.22 4.25 
3.23 3.50 2.89 3.50 
3.33 3.00 2.97 3.00 
3.48 3.50 3.25 3.00 
,. 3.58 3.25 3.33 3.00 
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Table 12. Parameters for Experiment Three 
full 25 
Parameters low high 
A nozzle dia1neter 0.03 0.063 inch· 
B grit type G120 IG80 
C pressure 30 48 ksi 
D traverse rate 10 20 in/min 
E abrasive flo\v rate 0.6 1.2 lb/mirgarnet 
0.585 1.17 1 b /mi ri ro 11 grit 
.~ 
~· 
r.i· 
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Table 13. Sum of Squares Table - Experiment TI1ree 
( ,' 
I 
run passes effect sum o-f squares 
(1) 19 32.0625 8224.031 
e 8 -7.5625 457.5312 
d 38 7. 187,5 413.2812 
C 12 5.9375 282.0312 
bed 20 3.4375 94. 5312,5 
a 1.5 3.3125 87.78125 
bd 24 -2.5625 52.5312,5 
bee 5 -2.5625 52.53125 
-
-2. ,5625 52.53125 ace { 
be g 2.3125 42.78125 
abd 91 -2.0625 34. 0312,5 
ac 31 2.0625 34.03125 
ab 12 1.5625 19.53125 
"' 
acd 32 1.4375 16.53125 
cd 21 -1.3125 13.78125 
abde 81 1.3125 13.78125 
abcde 71 1 . 312.5 13.78125 
be 11 1 . 187.5 11 . 2812,5 
de 71 -1 .1875 11 . 2812.5 
ade 32 1.0625 9.03125 
cde 01 1.0625 9.0312,5 
ae 01 0.9375 7.03125 
bcde g .-0. 6875 3.7812,5 
abce 8 0.6875 3.78125 
bde 51 0.5625 2.53125 
acde 31 -0.4375 1. ,53125 
ad 23 -0.3125 0.78125 
abe 91 -0.3f25 0.78125 
abed 42 0. 1875 0.28125 
ce 6 0. 1875 0.28125 
b 51 -0. 1875 0.28125 
abc 12 -0. 1875 0.28125 
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Table 14. 
Parameters 
g1'"' it type 
pressure 
traverse 
-flow rate 
stando-f-f 
nozzle 
Parameters for Experiment Four 
{!'.' .. 
G120 and IGSO 
48 ksi 
10 in/min 
1.2 lb/min 
. 1,50 inch 
.030 inch 
'· 
45 
Response 
number of passes to 
cut through 
from top ancl bot torn 
--
.~ 
Table 15. Parameters for Experiment Five 
Paramete·rs 
Pressure 
Flow 
Passes 
30 
0.6 
2 
nozzle diameter 
grit 
traverse 
standoff 
-full 3 3 
40 
0.9 
4 
.030 inch 
G120 
10 inch/min 
. 1,50 inch 
46 
48 
1.2 
6 
ksi 
lb/min 
** 
, 
Table 16a. Sum of Squares - Experiment Five 
A Pressure 
B Abrasive Flow Rate 
C Number of Passes 
effect ss 
477. 120 2.00 
C ( 1) 34.722 2:. 50 
A ( 1) 9.031 2.25 
B ( 1) 4.014 2.25 
C(q) 0.782 4.00 
B(q) 0.782 2.25 
AC(lq) 0.563 5.00 
BC ( lq) 0.340 5.00 
BC(ll) 0 .188 4.00 
A(q) 0 .140 2.75 
ABC(lqq) 0 .125 6.25 
AC(qq) 0. 113 5.50 
... 
AC ( ql) 0. 111 4.75 
AC ( 11) 0.083 3.75 
ABC(qlq) 0.056 6.25 
AB (ql) 0.043 3.50 
ABC ( lql) 0.042 5.00 
ABC(lll) 0.031 4.50 
ABC(qqq) 0.029 6.25 
AB(lq) 0.016 3.00 
> 
AB(qq) 0.014 3.25 
ABC ( l lq) 0.010 6.00 
BC(ql) 0.007 4.00 
AB(ll) 0.005 3.00 
ABC ( qql) 0.003 6.00 
BC(qq) 0.002 5.00 
ABC ( ql 1) 0.000 5.50 
47 
Table 16b. Sum of .Squares - Experiment Five 
A Pressure 
"' 8 Abrasive Flow Rate 
C Number of Passes 
ss effect 
462.52 
10.13 BC ( 11) 
2.81 ABC(lll) 
2.06 C(q) 
~ 1.69 B(q) 
1. 32 A ( 1) 
0 ,...,. ') 
• I - :\B(lq) 
0.68 .~C ( 1 q) 
0.67 BC(qq) 
0.58 1\C(ql) 
0.34 ABC(lqq) 
0.23 l\BC ( qql) 
0. 14 ABC(qqq) 
0.02 i\B(qq) 
0.02 AC(qq) 
-0.02 ABC(qlq) 
-0. 17 i\B ( q 1) 
-0.37 ;\ ( q) 
-0.56 ABC ( 1 q 1) 
-0.56 ,t\BC ( q 11) 
-1.06 .t\BC ( l lq) 
-2.29 BC ( q 1) 
-2.50 AB ( 11) 
-2.54 BC ( lq) 
-2.63 AC ( 11) 
-6.46 8 ( 1) 
-6.58 C ( 1) 
d 2 
2.00 
4.00 
5.00 
4 .. so 
2. 2.5 
2.25 
3.00 
5.00 
5.00 
4.75 
6.25 
6.00 
6.25 
3.25 
5.75 
6.25 
2.50 
2.75 
4.50 
5 .. so 
5.50 
4.00 
3.00 
'4.00 
3.75 
2.25 
2.50 
48 
J 
... 
Table 17. Regression Results - Experiment Five 
Regression Output: 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
Entrance Depth 
-3.09836 
0.383349 
0.934054 
27 
23 
pressure flow passes 
X Coe-f-ficient(s) 
Std Err of Coef. 
0.079007 1.574074 0.694444 
· 0.010019 0.301187 0.045178 
Regression Output: Exit Depth 
-2.92440 
0.467511 
0.903635 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 
27 
23 
X Coefficient(s) 
Std Err of Coef. 
pressure flow 
0.077527 1.342592 
0.012218 0.367311 
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Figure 1. Basic Waterjet Systen1 
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Figure 3. Control Volume 
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Figure 4. Model of Waterjet Cutting Process 
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Appendix C. Photographs 
Photographs of some representative concrete blocks appear on the follo\ving 
pages. These blocks demonstrate the effects of the various parameters on depth of cut 
and kerf quality. The cu ts depicted are as follows. 
PI1otograph Number Experiment 
1- 2 1 
3 2 
4-5 3 
6 3 
7 3 
8-9 4 
10 5 
11 5. 
12 5 
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., 
View of Cuts 
1,2,ll,12,13,14,27 ,28 
from en trance sicle 
1-32 from en t ra,nce si<le 
9,10,1,5,16 
from botton1 vie\v 
9,10,15,16 
frorn entrance side 
9,10,15,16 
froin exit side 
iron grit cut on the left 
garnet cut on the right 
1-4,21-24 fro1n botton1 
1-4,21-24 from entrance 
1-4,21-24 from exit 
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